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put.	Here,	we	 overcame	 this	 difficulty	 for	Xanthomonas citri	 pv.	citri,	 a	 genetically	
monomorphic	 bacterium	 causing	 Asiatic	 citrus	 canker	 (ACC).	 Using	 a	 genotyping	
method	 that	did	not	 require	cultivating	 the	bacterium	or	purifying	DNA,	we	deci-
phered	 the	pathogen's	 spatial	genetic	 structure	at	 several	microgeographic	 scales,	
down	to	single	lesion,	in	a	situation	of	ACC	endemicity.	In	a	grove	where	copper	was	
recurrently	applied	 for	ACC	management,	copper-susceptible	and	copper-resistant	
X. citri	 pv.	citri	 coexisted	 and	 the	 bacterial	 population	 structured	 as	 three	 genetic	
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1  | INTRODUC TION










there	 is	 growing	 concern	 that	pathogens	with	 a	 clonal	or	partially	
clonal	mode	of	 reproduction	can	cause	major	outbreaks	on	a	 reg-
ular	basis	and	at	potentially	 large	spatial	scales,	especially	 in	agro-




to	 large-scale	outbreaks	 in	 intensive	agro-ecosystems	 is	 the	 initial	












clonal	 pathogens	 initially	 adapt	 to	 new	 environmental	 conditions	





between	 bacteria	 that	 are	 more	 or	 less	 related	 (Popa	 &	 Dagan,	
2011).	Depending	on	the	intensity	of	HGT	and	recombination,	bac-
terial	species	can	exhibit	a	population	structure	ranging	from	strictly	





housekeeping	 genes	 usually	 used	 for	 bacterial	 classification.	 Such	
species	are	considered	as	having	a	very	low	diversity	on	their	core	
















gens	has	been	mostly	 studied	at	 the	 level	of	 the	production	basin	
(i.e.,	 landscape	genetics;	Plantegenest,	May,	&	Fabre,	2007;	Rieux,	
Lenormand,	 Carlier,	 Bellaire,	 &	 Ravigné,	 2013).	 Deciphering	 the	
genetic	 structure	 of	 bacterial	 populations	 at	 smaller	 spatial	 scales	
is	 challenging.	 The	 traditional	 genotyping	 of	 a	 number	 of	 house-
keeping	 gene	portions	 (referred	 to	 as	multilocus	 sequence	 typing,	
MLST)	 lacks	 resolution,	 especially	 for	monomorphic	pathogens	by	
definition	 (Achtman,	2008).	 In	 contrast,	MultiLocus	Variable	num-
ber	 of	 tandem	 repeat	 Analysis	 (MLVA)	 has	 been	 shown	 to	 allow	
revealing	 infraspecific	 genetic	 diversity	 in	 several	 human	 mono-
morphic	 pathogens	 (Van	 Belkum,	 2007;	 Lindstedt,	 2005;	 Pourcel	
&	 Vergnaud,	 2011).	 Recent	 developments	 in	 tandem	 repeat	 (TR)	
genotyping	have	 included	 culture-independent	 analyses	of	 clinical	
samples,	 whereby	 direct	MLVA	 typing	 from	 DNA	 extracted	 from	
clinical	specimens	improved	the	understanding	of	the	genetic	struc-
ture	 and	 transmission	 of	 several	 human	 bacterial	 pathogens,	 for	
example,	Bacteroides fragilis,	Bordetella pertussis,	Mycobacterium tu‐




Xanthomonas citri	 pv.	citri	 (synonym	=	X. axonopodis pv.	citri)	 is	
the	causal	agent	of	Asiatic	 citrus	canker	 (ACC),	 a	 striking	example	
of	 a	 plant	 bacterial	 pathogen	 that	 poses	 a	major	 economic	 risk	 to	
agriculture	on	several	continents.	 It	affects	crop	profitability,	both	
directly	 (i.e.,	fruit	yield	and	reduced	quality)	and	indirectly	 (restric-





using	 efficient	 windbreaks,	 avoiding	 overhead	 irrigation,	 spraying	
K E Y W O R D S
genotyping,	microsatellites,	plant	bacterial	diseases,	spatial	structure
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copper	 extensively	when	 plant	 organs	 are	 highly	 susceptible,	 and	
pruning	 diseased	 shoots	 during	 grove	 maintenance	 operations	
(Gottwald,	Graham,	&	Schubert,	2002).





but	 not	 on	 a	 sufficiently	 frequent	 basis	 to	 erase	 the	 clonal	 struc-
ture).	This	assumption	is	based	on	(a)	a	strong	congruence	between	
genetic	distances	among	strains	derived	from	totally	unrelated	ge-







agement	 practices)	 has	 recently	 been	 demonstrated	 by	 the	 emer-




Xanthomonas citri	pv.	citri	 infects	citrus	 through	stomata	on	 ju-
venile	organs	and	wounds	(regardless	of	the	organs'	growth	stage),	
which	are	associated	with	insect	damage	or	grove	maintenance	op-
erations	 (Graham	 et	 al.,	 2004).	Xanthomonas citri	 pv.	citri	 survives	
for	 long	periods	 in	 canker	 lesions,	mainly	on	 leaves	and	branches,	
where	populations	may	exceed	107	cells	per	lesion	(Gottwald	et	al.,	
2002).	Apart	from	surface	biofilms,	which	possibly	represent	a	more	


















(Leduc	et	 al.,	 2015;	Vernière	et	 al.,	 2014).	 For	 a	broader	MLVA-14	
application,	 we	 describe	 a	 culture-independent	 method	 for	 ge-
notyping	X. citri	 pv.	citri	 directly	 from	canker	 lesions.	 In	 this	 assay,	
DNA	 release	 and	amplification	 are	 combined	 in	 a	 single	 step.	 It	 is	









what	 is	 the	 spatial	 genetic	 structure	of	X. citri	 pv.	citri	 populations	
and	what	does	it	reveal	about	the	heterogeneity	of	inoculum	and	the	
pathogen's	transmission	capability	in	citrus	groves?
2  | MATERIAL S AND METHODS
2.1 | Proof‐of‐concept experiment: bacterial strains 
and plant inoculation procedures
We	 used	 four	 pathotype	A,	 genetic	 lineage	1	 (DAPC	1)	 strains	 of	
X. citri	 pv.	citri isolated	 from	 Kaffir	 lime	 (Citrus hystrix)	 in	 Réunion	
Island	 in	2010	 (LH212,	 LH220,	 LH318,	 and	LH339;	Pruvost	 et	 al.,	
2014).	Bacterial	suspensions	containing	approximately	1	×	106	CFU/
ml	were	obtained	from	10-fold	dilutions	of	spectrophotometrically	




extract,	 7	g/L;	 peptone,	 7	g/L;	 glucose,	 7	g/L;	 agar,	 18	g/L;	 propi-
conazole,	 20	mg/L;	 pH	7.2).	 Two	 strain	 mixes,	 (a)	 LH212/LH220	
polymorphic	at	10	TR	loci	and	(b)	LH318/LH339	polymorphic	at	four	
TR	 loci,	were	prepared	 from	the	suspensions	with	various	 relative	
concentrations	 (expressed	 as	 CFU/ml):	 strain	1	 1	×	106	/	strain	2	
1	×	106,	 thereafter	 referred	 to	 as	 1:1;	 1	×	106/1	×	105,	 10:1;	
1	×	106/1	×	104,	100:1;	1	×	105/1	×	106,	1:10;	1	×	104/1	×	106,	1:100	
(i.e.,	 a	 total	of	10	combinations).	These	mixes	were	 infiltrated	 into	
the	mesophyll	 of	 Kaffir	 lime	 leaves	 from	 the	 youngest	 vegetative	
flush	 (leaf	 size	 ranged	 from	 two-thirds	 to	 three-quarters	 of	 full	














MLVA-14	 primers	 were	 used	 for	 multiplex	 PCR,	 as	 reported	
previously	 (Bui	 Thi	 Ngoc	 et	 al.,	 2009).	 These	 primers	 primarily	
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produced	amplicons	at	all	or	most	 loci	 for	X. citri	pathovars	 (Bui	
Thi	 Ngoc	 et	 al.,	 2009).	 In	 contrast,	 no	 amplification	 was	 pro-
duced	 from	 nonpathogenic	 Xanthomonas	 recovered	 from	 citrus	





as	described	above)	was	used	as	 the	 template	 in	mixes	 contain-
ing	 0.3	µM	 of	 each	 primer.	 Primers	 were	 labeled	 with	 one	 of	
the	 following	 fluorescent	 dyes:	 6-FAM;	NED;	PET;	VIC	 (Applied	
Biosystems,	 Life	 Technologies,	Courtaboeuf,	 France);	 1×	 Terra	
PCR	 Direct	 Buffer	 (containing	 a	 non-Taq	 DNA	 polymerase	 pre-
blended	with	a	monoclonal	antibody	that	suppresses	polymerase	
activity	 up	 to	 98°C,	 allowing	 hot-start	 PCR	 amplification	 from	









and	 a	 final	 extension	 step	 at	68°C	 for	30	min.	Aliquots	 (1	µl)	 of	
amplicons	diluted	1/40	to	1/100	were	mixed	to	10.9	µl	of	Hi-Di	
formamide	 and	 0.1	µl	 of	 a	 GeneScan	 500LIZ	 internal	 lane	 size	
standard	 (Applied	 Biosystems).	 Capillary	 electrophoresis	 was	
performed	 in	 an	 ABI	 PRISM	 3130xl	 genetic	 analyzer	 (Applied	
Biosystems)	 using	 performance-optimized	 polymer	 POP-7	 at	
15,000	V	 for	 ≈	20	min	 at	 60°C,	with	 an	 initial	 injection	 of	 21	s.	











Fifty-one	 and	 27	 X. citri	 pv.	citri	 isolates	 collected	 in	 grove	 1	 and	
grove	 2,	 respectively,	 were	 assayed	 for	 the	 presence	 of	 copL by 
PCR	 amplification	 from	 boiled	 bacterial	 suspensions.	 PCRs	 were	
mostly	 performed	 as	 reported	 previously	 (Behlau,	 Hong,	 Jones,	
&	 Graham,	 2013).	 However,	 we	 used	 GoTaq	 Flexi	 Polymerase	
(Promega,	Charbonnières-les-Bains,	 France),	 decreased	 the	 primer	
concentration	 (5	pmol/μl),	 and	 set	 the	 annealing	 temperature	 at	
66°C.	 PCR	 amplification,	 using	 copA and copB	 primers,	 was	 also	
performed	on	a	subset	of	samples	with	GoTaq	Flexi	Polymerase	and	




We	 obtained	 samples	 from	 two	 Kaffir	 lime	 orchards	 located	 in	
Petite-Ile	 and	 Pierrefonds	 (Réunion	 Island),	 referred	 to	 as	 grove	1	
and	grove	2,	respectively.	The	groves	were	12	and	5	years	old	at	the	
time	of	sampling.	They	were	managed	according	to	a	standard	inte-
grated	pest	management	 scheme	 (windbreaks,	 copper	 sprays,	 and	
drip	irrigation	whenever	necessary).




lesions	 per	 tree	 were	 assayed	 by	 direct	 MLVA-14	 genotyping	 (as	
described	 above),	 yielding	 a	 dataset	 in	which	MLVA-14	 data	were	





were	 identified)	were	used	to	assess	the	X. citri pv. citri	population	
structure.
An	 intensive	 sampling	of	 six	 trees	 in	 grove	2	 (distant	one	 to	
another	 by	 13–50	m)	 was	 performed	 in	 order	 to	 assess	 the	 di-
versity	at	the	branch	and	tree	scales.	Twenty-nine	to	thirty	three	
lesions	 from	each	of	 the	 three	main	 branches	 of	 each	 analyzed	
tree	were	 sampled,	 yielding	 a	 total	 number	of	 samples	per	 tree	
ranging	from	91	to	96,	which	were	subsequently	analyzed	as	de-
scribed	above.
In	 order	 to	 assess	 polymorphism	 at	 the	 canker	 lesion	 scale,	
single-colony	 isolation	 of	 X. citri pv. citri	 was	 performed	 on	 KC	
semi-selective	 medium	 using	 10-fold	 dilutions	 of	 macerates	
from	 nine	 lesions	 (collected	 in	 grove	1),	 where	 polymorphism	
at	>4	TR	was	 recorded	by	direct	MLVA-14	genotyping	 (Pruvost,	
Roumagnac,	Gaube,	Chiroleu,	&	Gagnevin,	 2005).	 Fifty-eight	 to	
ninety	 colonies	 of	X. citri pv. citri	 were	 recovered	 from	 each	 of	
these	single	canker	lesions	and	were	further	assayed	by	MLVA-14,	
as	explained	above.
Nei's	 index	 of	 gene	 diversity,	 clonal	 heterogeneity	 (Simpson	
index),	 and	 clonal	 evenness	were	 calculated	with	 the	 poppr	 2.2.1	
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2.6 | Population genetic structure
A	hierarchical	sampling	was	conducted	 in	grove	2.	Analyses	at	the	
branch	 scale	were	 carried	 out	 on	 six	 selected	 trees.	Using	MLVA,	
we	assessed	the	genetic	structure	of	populations	in	grove	2,	based	
on	 geographic	 locations	 from	 the	 branch	 to	 the	 orchard	 level.	 An	
analysis	of	molecular	 variance	 (AMOVA)	was	performed	using	 the	
Arlequin	version	3.5	software	package	(Excoffier,	Laval,	&	Schneider,	
2005).	The	individuals	were	grouped	according	to	their	geographic	
origin	 (branch,	 tree	or	orchard).	 Levels	of	 significance	were	deter-
mined	by	computing	999	random	permutations.
We	 used	 different	 approaches	 to	 examine	 the	 genetic	 differ-
entiation	 among	 populations	 (i.e.,	 strains	 originating	 from	 a	 single	
site).	 Population	 pairwise	 FST and RST	 values	were	 computed,	 and	
their	significance	was	tested	with	999	permutations	using	Arlequin. 
RST	may	better	represent	differentiation	when	the	mutational	pro-


















of	 genetic	 relatedness,	Fij or r	 (see	below),	 is	 calculated	between	
individuals	for	each	possible	pair	that	is	a	specified	distance	apart.	
These	 pairwise	 genetic	 coefficients	 are	 regressed	 on	 pairwise	
spatial	 distances.	We	 computed	 mean	 values	 per	 distance	 inter-
val.	Spatial	autocorrelation	analyses	were	conducted	on	groves	1	
and	2.	Tree	spacing	was	4	m,	both	 in	and	between	 rows.	We	de-
fined	 different	 distance	 classes	with	 a	 spatial	 lag	 ranging	 from	4	
to	 10	m.	 Analyses	were	 performed	 using	GenAIEx	6.5	 (Peakall	 &	




















observed	 regression	 slope	bF	with	 those	obtained	under	 the	 null	
hypothesis,	by	permuting	individual	locations	(N	=	999).	The	stand-































irrespective	 of	 the	 allele.	As	 expected	 for	 the	TR	differences	 >2,	
the	 PCR	 amplification	 was	 more	 efficient	 for	 the	 shortest	 allele	
(Table	1).	Similarly,	when	a	10-fold	difference	 in	bacterial	suspen-
sion	concentrations	was	used	in	the	mixes,	the	expected	amplicons	
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were	observed	 for	 all	 samples.	 This	was	 the	 case	 even	when	 the	
strain	with	the	largest	number	of	the	considered	TR	was	adjusted	
to	 the	 lowest	bacterial	 concentration.	 In	 contrast,	 this	 result	was	
not	obtained	when	there	was	a	100-fold	difference	in	bacterial	sus-
pension	concentrations	(data	not	shown).	Under	these	conditions,	
the	 peaks	 with	 the	 expected	 lowest	 height	 were	 only	 detected	
sporadically.








pv.	citri	 populations	 from	 the	 two	 groves	 (RST	=	0.697,	 p < 0.001 
and FST	=	0.274,	p	<	0.001).	At	this	scale,	permutation	test	analyses	
in	SPAGeDI	 indicated	 that	RST	was	 significantly	different	 from	FST 
(p	<	0.001).	This	suggests	that	allele	size	was	informative	for	assess-
ing	population	differentiation.
In	 grove	1,	 we	 analyzed	 369	MLMGs,	which	 separated	 as	 357	
distinct	 haplotypes,	 corresponding	 to	 a	 mean	 allelic	 richness	 of	


















from	grove	1	yielded	a	 single	 cluster	and	eight	 singletons,	each	
composed	of	a	single	sample	(Supporting	Information	Figure	S1).	
In	 contrast,	 three	 clusters	 were	 identified	 in	 grove	2,	 namely	
cluster	 1	 (number	 of	 samples	n1	=	306),	 cluster	 2	 (n2	=	62),	 and	








Assays	 for	 the	 presence	 of	 copL,	 based	 on	 PCR	 amplification	
from	X. citri	pv.	citri	cultures	(subsequently	collected	in	both	groves),	
indicated	the	widespread	presence	of	copper	resistance	in	grove	2	
(19/27;	 ≈70%).	 Copper	 resistance	 was	 not	 detected	 in	 grove	1	
(n	=	51).	All	strains	collected	from	grove	2	were	subject	to	microsat-
ellite	genotyping.	Interestingly,	all	copper-resistant	strains	grouped	
in	 cluster	1,	 while	 copper-susceptible	 strains	 split	 into	 clusters	 1	
(n	=	2),	2	(n	=	4),	and	3	(n	=	2).
TR locusa  Strain mix Size differenceb 
Ratioc 
Experiment #1 Experiment #2
XL1 LH212/LH220 98	(14) 8.99	(3.50) 11.33	(2.53)
XL2 LH212/LH220 7	(1) 1.16	(0.22) 1.01	(0.14)
XL3 LH212/LH220 7	(1) 1.05	(0.25) 0.90	(0.16)
XL3 LH318/LH339 14	(2) 1.13	(0.23) 1.17	(0.24)
XL4 LH212/LH220 14	(2) 1.18	(0.29) 0.95	(0.08)
XL5 LH318/LH339 7	(1) 1.27	(0.25) 0.99	(0.02)
XL6 LH212/LH220 70	(10) 2.68	(0.67) 2.40	(0.62)
XL6 LH318/LH339 7	(1) 1.02	(0.07) 1.03	(0.13)
XL7 LH212/LH220 14	(2) 1.36	(0.73) 0.98	(0.15)
XL8 LH212/LH220 7	(1) 1.16	(0.23) 1.39	(0.32)
XL10 LH318/LH339 14	(2) 1.04	(0.12) 1.00	(0.08)
XL11 LH212/LH220 7	(1) 1.02	(0.13) 0.99	(0.01)
XL14 LH212/LH220 12	(2) 1.28	(0.31) 1.14	(0.15)
XL15 LH212/LH220 21	(3) 1.56	(0.39) 1.28	(0.31)
aAccording	to	Bui	Thi	Ngoc	et	al.	(2009).	bAmplicon	size	difference	in	bp	and	corresponding	number	
of	tandem	repeat	difference	(in	brackets).	cMean	ratio	(n	=	12)	and	standard	deviation	(in	brackets).	















(estimated	with	distance	classes	 ranging	 from	4	 to	10	m;	Table	2).	
Fij	was	negative	and	statistically	significant,	indicating	that	MLMGs	








scheme	 (Vekemans	 &	Hardy,	 2004).	 They	were	 similar	 for	 groves	




coefficients	 for	 the	 first	 distance	 class.	 These	 decreased	 steadily	
over	distance	(Table	2).	Significant	positive	Fij	values	were	observed	
for	clusters	1	and	2	over	distance	classes	of	up	to	36–40	m	versus	













































































Grove 1 Grove 2 95%CI-L 1 95%CL-U-1 95%CI-L 2 95%CL-U-2
(a)
(b)
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of	 the	 genetic	 variance	 (62%)	 occurred	within	 branches.	Variation	
within	 individual	 trees	 and	 between	 trees	 represented	 an	 addi-
tional	 8%	 and	30%	of	 the	 total	 variance,	 respectively	 (Supporting	
Information	Table	S3).



















3.6 | Diversity of X. citri pv. citri in single 
canker lesions
All	 samples	 consisting	 of	 macerates	 from	 single	 canker	 lesions	
(N	=	781)	were	successfully	genotyped	at	all	TR	loci.	Most	MLMGs	
from	assayed	 lesions	appeared	monomorphic	 (286	out	of	361,	 i.e.,	
79%,	and	335	out	of	420,	i.e.,	80%,	in	groves	1	and	2,	respectively).	
The	 observed	 polymorphism	most	 often	 consisted	 of	 single-locus	
(41	out	of	75,	i.e.,	55%,	and	37	out	of	85,	i.e.,	44%,	in	groves	1	and	
2,	respectively)	and	single-repeat	(30	out	of	41,	i.e.,	70%,	and	24	out	
TA B L E  3  Diversity	indices	and	multilocus	linkage	disequilibrium	estimated	by	rd	at	tree	and	branch	scales	for	six	trees	in	grove	2,	based	
on	MLVA-14	data




rd p value rd p value
Tree	1	(PF240) 93 36 0.353 4.00 0.36 0.350 0.605 0.351 <0.001 0.214 <0.001
Branch	1 30 13 0.280 2.79 0.07 0.270 0.590 0.539 <0.001 0.399 <0.001
Branch	2 31 13 0.399 2.57 0.21 0.386 0.834 0.557 <0.001 0.420 <0.001
Branch	3 32 17 0.308 3.28 0.07 0.299 0.568 0.194 <0.001 0.155 <0.001
Tree	2	(PF212) 93 35 0.275 3.21 0.21 0.272 0.586 0.091 <0.001 0.044 0.003
Branch	1 32 14 0.196 2.21 0.07 0.189 0.609 0.110 <0.001 0.067 0.021
Branch	2 30 13 0.262 2.29 0.07 0.253 0.661 0.171 <0.001 0.140 <0.001
Branch	3 31 15 0.244 2.28 0.07 0.236 0.625 0.168 <0.001 0.042 0.030
Tree	3	(PF251) 91 31 0.430 3.36 0.36 0.420 0.810 0.385 <0.001 0.309 <0.001
Branch	1 31 15 0.370 2.57 0.14 0.360 0.730 0.345 <0.001 0.271 <0.001
Branch	2 30 15 0.398 2.57 0.07 0.385 0.821 0.528 <0.001 0.418 <0.001
Branch	3 30 9 0.372 2.43 0.07 0.360 0.801 0.552 <0.001 ND  
Tree	4	(PF274) 91 31 0.229 2.57 0.00 0.227 0.609 0.165 <0.001 0.082 <0.001
Branch	1 31 12 0.101 1.86 0.00 0.098 0.516 −0.061 0.996 −0.101 0.996
Branch	2 29 9 0.183 1.86 0.00 0.176 0.633 0.244 <0.001 ND  
Branch	3 31 16 0.270 2.21 0.00 0.260 0.710 0.162 <0.001 0.101 0.002
Tree	5	(PF	307) 96 32 0.178 3.50 0.29 0.176 0.462 0.435 <0.001 0.362 <0.001
Branch	1 33 15 0.157 2.42 0.07 0.152 0.499 0.383 <0.001 0.363 <0.001
Branch	2 32 13 0.234 2.50 0.07 0.226 0.584 0.715 <0.001 0.617 <0.001
Branch	3 31 15 0.139 2.71 0.14 0.135 0.453 0.282 <0.001 0.238 <0.001
Tree	6	(PF315) 93 30 0.135 2.50 0.14 0.133 0.488 0.017 0.098 −0.052 1.000
Branch	1 30 10 0.094 1.57 0.00 0.091 0.570 −0.007 0.539 ND  
Branch	2 30 11 0.072 1.64 0.00 0.070 0.505 −0.054 0.899 ND  
Branch	3 33 15 0.201 1.92 0.14 0.195 0.674 0.043 0.014 −0.031 0.790
aA:	allelic	richness;	Ap:	private	allelic	richness; HE:	Nei's	gene	diversity;	 lambda:	Simpson's	 index; N:	number	of	samples;	NH:	number	of	haplotypes.	
bND:	not	done	when	NH < 12. 
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of	37,	i.e.,	65%,	in	groves	1	and	2,	respectively)	variations.	However,	
multiple-locus	 variations	 were	 also	 observed	 within	 single	 canker	
lesions	(Supporting	Information	Figure	S4).	Single-colony	isolations	
were	 performed	 from	 single	 canker	 lesion	macerates	 (collected	 in	
grove	1)	 for	 which	 direct	 genotyping	 suggested	 polymorphism	 at	
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possibility	of	incomplete	sampling.	For	cases	like	this,	it	was	unclear	
whether	 the	 observed	 polymorphism	 corresponded	 to	 diversifi-









4.1 | Culture‐independent microsatellite genotyping 
is useful for high‐throughput population analyses of 






otype	 the	 pathogen	directly	 from	 canker	 lesions,	we	 showed	 that	
this	genotyping	technique	has	a	discriminatory	power	high	enough	















4.2 | Fine‐scale genetic structure corroborates 
direct dispersal observations












break	 areas	where	 genetically	 distinct	 pathogenic	 populations	 co-











et	 al.,	2002).	 Interestingly,	 the	analyses	conducted	at	 a	 tree	and	
branch	scale	emphasized	that	most	of	X. citri	pv.	citri	diversity,	re-




4.3 | A more efficient transmission of copper‐
resistant strains
Microsatellite	 data	 collected	 from	 grove	2	 revealed	 population	
heterogeneity	 and	differences	 in	 terms	 of	 transmission	 abilities.	
This	finding	was	probably	related	to	the	heterogeneous	origin	of	
the	nursery	 citrus	plants	 (used	 for	 grove	establishment)	 and	 the	
presence	of	several	ACC-infected	sites	 in	the	vicinity	of	grove	2.	














significantly	 autocorrelated)	 was	 four	 times	 larger	 for	 cluster	1	
than	 for	 cluster	2.	 Secondary	 infections	 by	 X. citri pv. citri can 
occur	 if	 free	 water	 is	 available	 on	 plant	 surfaces.	 The	 presence	
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4.4 | Canker lesions host polyclonal populations













of	which	 consisting	 of	 single-repeat	 variations),	 suggesting	mono-
clonal	infection	followed	by	clonal	diversification.	Co-infections	by	
SLVs	might	have	occurred	given	that	SLVs	can	be	available	concomi-
tantly	 for	 the	 infection	process.	Multiple	 infections	at	 the	scale	of	
single	lesions	by	genetically	distinct	strains	occurred	at	a	frequency	












Overall,	X. citri	 pv.	citri	 displays	a	 low	ability	 to	 survive	asymp-
tomatically	 outside	 its	 hosts	 (Graham	et	 al.,	 2004).	Asymptomatic	
survival	of	X. citri	pv.	citri	on	citrus	surfaces	probably	occurs	at	small	






4.5 | Multiple infections may be key for 
adaptation of genetically monomorphic bacteria
Multiple	 infections	 by	 distinct	 pathogens	 can	 modify	 the	 extent	















between	 genetically	 distant	 strains,	 which	 share	 the	 same	 niche.	
Plasmids	 encoding	 the	major	 TALE	 pathogenicity	 gene	 pthA were 
transferable	 between	X. citri	 pv.	citri and Xanthomonas citri	 pv.	au‐
rantifolii,	two	citrus	pathogens	(El	Yacoubi,	Brunings,	Yuan,	Shankar,	
&	 Gabriel,	 2007).	 Similarly,	 several	 genomic	 regions,	 thought	 to	
have	 undergone	 recombination	 in	 X. citri	 pv.	citri	 pathotype	 Aw,	
share	 a	 very	 high	 genetic	 relatedness	with	 corresponding	 regions	
in Xanthomonas citri	pv.	bilvae. This	bacterium	is	also	pathogenic	to	
rutaceous	 species,	 but	 has	 a	 distinct	 symptomatology.	 Moreover,	
apart	 from	 potential	 pseudogenes,	 bacteriophages,	 and	 insertion	
sequences,	 the	differences	detected	 in	 terms	of	 the	gene	content	






















mycobacterial	 species	 and	 especially	 two	 of	 them,	Mycobacterium 









The	 importance	 of	multiple	 infections	 in	 pathosystems	 involv-
ing	 plant	 pathogenic	 bacteria	 remains	 mostly	 nondocumented.	
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Improving	our	knowledge	on	 their	biological	 significance	and	con-
sequences	 on	 bacterial	 evolution	 will	 be	 an	 interesting	 challenge	
for	 the	 incoming	years.	 In	 terms	of	bacterial	plant	disease	control,	
multiple	 infections	appear	an	 important	feature	to	account	for.	All	
management	 options	 (typically	 implemented	 as	 integrated	 control	
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